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METHODS AND APPARATUS FOR FLOW- THROUGH HYBRIDIZATION 



1. CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of application 

5 Serial No. , filed November 25, 1998 (identified by 

attorney docket no. 9584-003-999), the content of which is 
incorporated herein in its entirety by reference. 

2. FIELD OF THE INVENTION 

10 The present invention relates to methods and apparatuses 

for flow- through capture and optional recovery of nucleic 
acids . 

3 . BACKGROUND OF THE INVENTION 

15 Nucleic acid hybridization, i.e., the ability of nucleic 

acid strands of complementary sequence to form duplexed 
hybrids, is one of the most powerful analytical techniques in 
the biological sciences. One of the most widely used 
hybridization techniques today is the "Southern blot" method 

20 discovered by Southern (Southern, 1975, J. Mol . Biol. 98:503- 
507). In this method, a target denatured DNA is immobilized 
on a filter or membrane, such as a nitrocellulose or nylon 
membrane. The membrane is then incubated in a buffer solution 
which contains a labeled oligonucleotide probe complementary 

25 to a region of the immobilized target DNA under conditions 

wherein the target and probe hybridize. Following wash steps, 
the presence or absence of hybridization is determined by 
detecting the label, with a positive detection indicating the 
presence of hybridization. The above method has also been 

30 used with immobilized RNA targets. When used with RNA the 
method is called "Northern blotting." 

While powerful methods, Southern and Northern blotting 
suffer from several drawbacks. First, the methods cannot be 
used to study multiple sequences simultaneously within the 

35 same membrane in a single run, i.e., without the time- 
consuming procedures of repeat hybridization by different 



-1- 



WO 00/31304 



PCT/US99/27748 



probes. Second, available membranes are generally unable to 
provide high immobilization efficiencies for target nucleic 
acid fragments containing fewer than 100 bp. Third, the 
hybridization kinetics are slow; oftentimes several hours or 
even several days are required for the probe and target to 
form a hybridized complex. Lastly, the Southern and Northern 
techniques suffer from the drawback that the target nucleic 
acid cannot be efficiently eluded from the membranes for 
subsequent use. 

The slow hybridization kinetics observed with the 
Southern and Northern methods are thought to be caused by 
three main factors. First, since the whole membrane must be 
covered with hybridization solution, the concentration of 
probe available for hybridizing to the immobilized target DNA 
or RNA is extremely low. Since hybridization kinetics are 
governed by a bimolecular collision process, the dilute probe 
concentration has an enormous effect on the rate by which the 
probe "finds" and hybridizes to the target DNA or RNA. 
Second, the majority of the probe solution does not contact 
the membrane during the incubation process. This lowers the 
effective probe concentration even further, and also increases 
the likelihood that, if the target was initially double- 
stranded, the target strands will re-anneal at a faster rate 
than hybridization will occur. Third, a large proportion of 
the target nucleic acid is immobilized within the interior 
pores of the membrane, and is therefore inaccessible for 
hybridization. Thus, the hybridization kinetics are slowed 
even further by the probe having to diffuse into the pores of 
the membrane. 

Recently, it has been postulated that hybridization can 
be used to sequence DNA or RNA. The sequencing by 
hybridization method ("SBH"), first described by Lysov et al . 
utilizes a set of short oligonucleotide probes of defined 
sequence to search for complementary sequences on a longer 
strand of target DNA or RNA. The hybridization pattern is 
then used to reconstruct the sequence of the target DNA or RNA 
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(Lysov et al . , 1988, Dokl.tAcad. Nauk SSSR 303:1508-1511; see 
also, Bains & Smith, 1988, J. Theor. Biol. 135:303-307; 
Drmanac et al . , 1989, Genomics 4:114-128; Strezoska et al . , 
1991, Proc. Natl. Acad. Sci . USA 88:10089-10093; Drmanac et 
5 al. t 1993, Science 260:1649-1652). 

Since the emergence of SBH, many new techniques for 
fabricating immobilized sets of probes have emerged. For 
example, Southern et al. constructed an array of 256 
octanucleotides covalently attached to a glass plate using a 
10 solution- channeling device to direct the oligonucleotide probe 
synthesis (Southern et al . , 1992, Genomics 13:1008-1017). 

Because the identity of the probe at each site is known, the 
entire array can be simultaneously hybridized with the target 
nucleic acid in a single assay; the hybridization pattern 
15 directly reveals the identities of all complementary probes. 

In a similar vein, Pease et al . describe the use of 

photoprotected nucleoside phosphoramidites and light to direct 
the synthesis of a miniaturized array of 256 octanucleotides 
on a glass substrate in a spatially-addressable fashion (Pease 

20 et al., 1994, Proc. Natl. Acad. Sci. USA 91:5022-5026). The 
resulting miniaturized array measured 1.28 x 1.28 cm and took 
only 16 reaction cycles and 4 hours to synthesize. Like the 
array of Southern, the miniaturized array can be 
simultaneously hybridized with the target nucleic acid to 

25 reveal the identities of all complementary probes. 

Dubiley et al. describe the use of oligonucleotide 

microchips that have been manufactured by immobilizing 
presynthesized oligonucleotides within polyacrylamide gel pads 
arranged on the surface of a microscope slide (Dubiley et al., 

30 1997, Nucl. Acids Res. 25 (12) : 2259-2265) . The microchips have 
been applied to sequence analysis (Yershov et al., 1996, Proc. 

Natl. Acad. Sci. USA 93:4913-4918), mutation analysis 
(Drobyshev et al . , 1997, Gene 188:45-52) and identification of 

microorganisms . 
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Hybridization with the above -described probe arrays 
provides at least two advantages over the Southern and 
Northern blotting techniques. First, since each probe is 
attached to a discrete site on the substrate, the target DNA 
5 or RNA can be assayed for its ability to form hybrids with a 
plurality of probes in a single experiment. Second, the 
hybridized complexes can be readily dissociated and the target 
nucleic acid recovered for subsequent use. However, since 
these methods also rely on immersion hybridization techniques, 

10 i.e., the entire substrate must be immersed in hybridization 
solution containing the target nucleic acid, the kinetics of 
hybridization are slow. Depending on the concentration and 
length of the target nucleic acid, the formation of hybridized 
complexes can take on the order of hours or even days. 

15 Moreover, the methods require a large volume of hybridization 
buffer, and hence quite a large quantity of target nucleic 
acid. 

Due to the ability of nucleic acids to form duplexes with 
a high degree of specificity, hybridization has also been used 

20 to capture a target nucleic acid from a sample. Such methods 
can be used to determine whether the sample contains the 
target nucleic acid, to quantify the amount of target nucleic 
acid in the sample, or to isolate the target nucleic acid from 
a mixture of related or unrelated nucleic acids. To this end, 

25 capture polynucleotides capable of hybridizing to a target 

nucleic acid of interest have been immobilized on a variety of 
substrates and supports for use in capture assays. 

For example, capture polynucleotides have been 
immobilized within the wells of standard 96 -well microtiter 

30 plates (Rasmussen, et al., 1991, Anal. Chem. 198:138-142), 
activated dextran (Siddell, 1978, Eur. J. Biochem. 92:621- 
629), diazotized cellulose supports (Bunneman et al . , 1982, 
Nucl. Acids Res. 10:7163-7180; Noyes and Stark, 1975, Cell 
5:301-310) polystyrene matrices (Wolf et al . , 1987, Nucl. 

35 Acids Res. 15:2911-2926) and glass (Maskos & Southern, 1992, 
Nucl. Acids Res. 20:261-266), to name a few. However, these 
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systems suffer from very poor diffusion characteristics, 
leading to slow, inefficient hybridization. 

In part to overcome the slow hybridization kinetics of 
available immobilization supports, the art has also attempted 
5 to immobilize capture polynucleotide on beads, including 

submicron latex particles (Wolf et al . , 1987, supra), avidin- 

coated polystyrene beads (Urdea et al . , 1987, Gene 61:253-264) 
and magnetic beads (Jakobson et al . , 1990, Nucl . Acids Res. 
18:3669) . However, the beads are difficult to manipulate, 

10 particularly magnetic beads, which require elaborate isolation 
stations to retain the beads and precise liquid handling to 
avoid removal of the beads from solution. 

While the art has attempted to overcome the manipulation 
problems of non-magnetic beads by packing the beads into 

15 columns, such columns are not easily assembled without the aid 
of unique frits or membranes to retain the beads. Moreover, 
while columns packed with such beads exhibit more favorable 
hybridization kinetics than the "immersion" techniques 
described above, the kinetics are nowhere near optimal, and 

20 the columns exhibit enormous back-pressure when hybridization 
solution is flowed through, which is most likely caused by 
close-packing of the beads. 

Recently, flow-through hybridization devices designed to 
overcome the adverse kinetics of immersion hybridization 

25 methodologies have been designed. The devices utilize a 
capture polynucleotide immobilized on a membrane. The 
hybridization reaction takes place as fluids flow through the 
membrane. In one such device, the capture polynucleotide was 
immobilized on a nylon or nitrocellulose membrane using UV 

30 irradiation or through the use of a specific binding partner, 
such as biotin (EP 0 605 828 Al) . In another such device, the 
capture polynucleotide, modified at its 5 1 -terminus with an 
amino group, was covalently attached to the carboxyl groups of 
a Biodyne™ C membrane (U.S. Patent No. 5,741,647). Upon 

35 flowing a liquid sample containing a target nucleic acid 
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through the membrane, rapid hybridization (i.e., on the order 

of minutes) was observed with each device. 

Yet, these flow- through devices are not without 
drawbacks. The membranes used have extremely small pores 
5 (about 0.1 - 0.45/zm) such that even moderate flow-through 
rates cause significant back-pressure in the device. 
Moreover, the small pore size leads to clogging, which further 
increases the back-pressure of the device and may even lead to 
tearing of the membrane. 

10 The clogging problem seriously limits the utility of the 

devices. For example, they cannot be used to capture nucleic 
acids from samples that contain cellular or large molecule 
contaminants such as, for example, proteins, carbohydrates, 
RNAs, DNA sequencing templates, etc., as these contaminants 

15 clog the pores of the membranes. 

Lastly, while the devices can be used for nucleic acid 
capture, recovery efficiencies are too low to be useful for 
applications requiring post -capture recovery, such as recovery 
of PCR fragments, RNAs, restriction-digested DNA fragments, 

20 etc. 

As the above discussion attests, there remains a need in 
the art for easy-to-use substrates which provide for rapid, 
efficient and highly specific capture of target nucleic acids, 
and which further permit recovery of the captured nucleic acid 
25 for subsequent use. Accordingly, these are objects of the 
present invention. 

4. SUMMARY OF THE INVENTION 

These and other objects are furnished by the present 

30 invention, which in one aspect provides an apparatus for 
rapidly, efficiently and specifically capturing, and 
optionally recovering, nucleic acids. In its broadest sense, 
the apparatus of the invention comprises a porous substrate 
which has a capture polynucleotide immobilized thereon, 

35 typically by way of a covalent bond between the 5'- or 3'- 

terminus of the capture polynucleotide and a reactive group on 
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the porous substrate, either with or without the aid of one or 
more linkers. To permit high flow-through rates, the porous 
substrate generally has an average pore size of about 1 /zm to 
250 fxm and a porosity of about 25% to about 80%. The density 
5 or surface concentration of immobilized capture polynucleotide 
is preferably in the range of about 2 X 10" 19 to 2 X 10" 15 
nmole/nm 2 The porous substrate is optionally disposed within a 
housing, such as a chromatography column, spin column, 
syringe -barrel, pipette, pipette tip, 96 or 384-well plate, 

10 microchannels, capillaries, etc., which aids the flow of 
liquids through the porous substrate. 

In use, a sample containing or suspected of containing a 
target nucleic acid capable of hybridizing to the capture 
polynucleotide is flowed through the porous substrate under 

15 conditions wherein the target nucleic acid and capture 

polynucleotide hybridize. Quite surprisingly, it has been 
found that the sample need only contact the porous substrate 
for less than a minute, typically on the order of only 3 to 15 
sec, for efficient hybridization to occur, although longer 

20 contact times may be used. Following optional wash steps, the 
presence or absence of hybridization can then be determined. 

In one embodiment of the invention, the presence of 
hybridization is determined by analyzing the porous substrate 
for the presence of a hybridization- induced detectable signal, 

25 such as, for example, fluorescence or chemi luminescence . In 
another embodiment of the invention, the presence of 
hybridization is determined by dissociating the hybridized 
complex, recovering the dissociated target nucleic acid and 
detecting the presence of the dissociated target nucleic acid. 

30 The flow-through hybridization apparatus of the invention 

can be used in a wide variety of applications where knowledge 
about the presence or quantity of a particular target nucleic 
acid in a sample is desired, or where the capture of a 
particular target nucleic acid is desired. Thus, in another 

35 aspect, the present invention provides methods of using the 
flow- through hybridization apparatus to determine whether a 
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target nucleic acid is present in a sample. Generally, the 
method comprises the steps of : 

(a) providing a porous substrate having a capture 
polynucleotide capable of hybridizing to a target nucleic acid 

5 immobilized thereon; 

(b) flowing a sample suspected of containing the 
target nucleic acid through the porous substrate under 
conditions wherein the target nucleic acid and capture 
polynucleotide hybridize; and 

10 (c) detecting the presence of hybrids, wherein a 

positive detection indicates the sample contains the target 
nucleic acid. 

In another aspect, the present invention provides a 
method of capturing a target nucleic acid present in a sample. 
15 In general, the method comprises the steps of: 

(a) providing a porous substrate having a capture 
polynucleotide capable of hybridizing to the target nucleic 
acid immobilized thereon; and 

(b) flowing a sample containing or suspected of 
20 containing the target nucleic acid through the porous 

substrate under conditions wherein the target nucleic acid and 
capture polynucleotide hybridize, thereby capturing the target 
nucleic acid. Following capture, the target nucleic acid can 
be optionally recovered by dissociating the hybridized complex 
25 and used in subsequent methods, such as for example, 
sequencing. 

In a final aspect, the invention provides kits for a 
variety of capture applications. Generally, the kits comprise 
a three dimensional porous substrate of the invention having 

30 immobilized thereon a capture polynucleotide capable of 

hybridizing with a target nucleic acid of interest and one or 
more other reagents or components useful for performing a 
particular assay. Alternatively, the kits can comprise a 
three dimensional porous substrate activated with a reactive 

35 functional group and a capture polynucleotide modified with a 
group capable of forming a covalent linkage with the activated 
porous substrate, or means for synthesizing a capture 
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polynucleotide on the activated substrate, such as nucleoside 
phosphoramidites and/or other DNA or RNA synthesis reactants 
or reagents. Optional components that can be included with 
the kits include housings in which the substrates can be 
5 disposed, sequencing templates and dideoxynucleotide reagents 
and enzymes for generating sequencing ladders from the target 
nucleic acid, polymerases and primers for amplifying the 
target nucleic acid, linkers for spacing the target nucleic 
acid from the porous substrate and buffers and reagents useful 
10 for sequencing, amplification and/or other nucleic acid 
applications. 

5. BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 illustrates the nucleotide sequences of the 
15 forward and reverse primers used in the duplex sequencing 

reaction according to the Example described in Section 7; and 

FIGS. 2A and 2B together provide a graph illustrating the 
fluorescence sequencing ladder generated by the duplex 
sequencing reaction of the Example described in Section 7, 
20 following capture using a flow-through hybridization apparatus 
according to the invention. 

6. DETAILED DESCRIPTION OF THE INVENTION 

The present invention provides a flow- through substrate 
25 and apparatus which permits rapid, efficient and specific 

capture, and optional recovery, of a target nucleic acid from 
a sample, and methods of using the flow- through substrate and 
apparatus in a variety of biological applications. As 
discussed in the Background section, flow-through 
30 hybridization apparatuses useful for capturing target nucleic 
acids have recently been developed. However, these 
apparatuses, which typically utilize conventional nylon and 
nitrocellulose hybridization membranes, suffer from several 
serious limitations. 
35 For example, the membranes used in these devices 

typically have extremely small pore sizes (on the order of 0.1 
fim or less) and are very thin (typically about 160 /an) . Thus, 
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they operate essentially as "two-dimensional" filters, and 
consequently have very small sample capacities. In addition, 
due in part to their small pore sizes, the membranes have 
restrictive flow rates and become readily clogged by cellular 
or large molecule contaminants present in the samples (e.g., 
proteins, carbohydrates, RNAs, large sequencing templates, 
etc.), severely limiting their utility in a variety of 
biological applications. 

Moreover, once captured, the target nucleic acid cannot 
be efficiently recovered from the membrane for subsequent use. 
Thus, the devices are not useful for hybridization-based 
nucleic acid purification and recovery. Lastly, methods 
employing these flow-through devices are difficult and labor- 
intensive to perform, and require skilled technicians and 
special handling procedures and storage conditions. 

Thus, while these flow- through devices can be used to 
rapidly capture nucleic acids, not only must they be used by 
skilled workers with extreme care, they cannot be used in 
applications which require efficient recovery of the captured 
target nucleic acid, such as recovery of sequences amplified 
by the polymerase chain reaction (PCR) or capture of 
hybridization sequencing ladders, or in applications in which 
the samples contain cellular or large molecule contaminants. 

Quite surprisingly, it has now been discovered that the 
use of certain porous substrates in conjunction with flow- 
through hybridization techniques solves the above -discussed 
problems. Significantly, it has now been discovered that 
through the use of certain porous substrates, target nucleic 
acids can be efficiently and very rapidly captured with a very 
high degree of specificity. Moreover, once captured, the 
target nucleic acids can be efficiently and quantitatively 
recovered from the porous substrate for subsequent use. 

6.1 THE INVENTION 

As will be discussed more thoroughly below, the porous 
substrate of the invention can be composed of any material or 
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mixture of materials that will not deform, that will remain 
solid while in use (i.e., materials which will not dissolve in 

solvents used to synthesize, deprotect and/or immobilize 
nucleic acids, or melt under the temperatures used to 
5 hybridize and/or denature nucleic acids) , and that can be 
derivatized or activated with a number of reactive groups 
sufficient for immobilization of the capture polynucleotide. 
Exemplary suitable materials include, for example, acrylic, 
styrene -methyl methacrylate copolymers, ethylene/acrylic acid, 

10 acrylonitrile-butadiene- styrene (ABS) , ABS/polycarbonate, 

ABS/polysulfone, ABS/polyvinyl chloride, ethylene propylene, 
ethylene vinyl acetate (EVA), nylons (including nylon 6, nylon 
6/6, nylon 6/6-6, nylon 6/9, nylon 6/10, nylon 6/12, nylon 11 
and nylon 12) , polycarylonitrile (PAN) , polyacrylate, 

15 polycarbonate, polybutylene terephthalate (PBT) , polyethylene 
terephthalate (PET) , polyethylene (including low density, 
linear low density, high density, cross-linked and ultra-high 
molecular weight grades) , polypropylene homopolymer, 
polypropylene copolymers, polystyrene (including general 

20 purpose and high impact grades) , polytetraf luoroethylene 
(PTFE) , f luorinated ethylene -propylene (FEP) , ethylene- 
tetraf luoroethylene (ETFE) , perf luoroalkoxyethylene (PFA) , 
polyvinyl fluoride (PVA) , polyvinyl idene fluoride (PVDF) , 
polychlorotrif luoroethylene (PCTFE) , polyethylene- 

25 chlorotrif luoroethylene (ECTFE) , polyvinyl alcohol (PVA) , 

silicon styrene-acrylonitrile (SAN) , styrene maleic anhydride 
(SMA) , metal oxides and glass. A preferred material is high 
density or ultra-high molecular weight polyethylene. 

As its name implies, the porous substrate is porous. 

30 Preferably, the average pore size and porosity will be large 
enough to permit rapid flow-through without causing 
significant back pressure under pressurized application of 
sample when the porous substrate is disposed within a housing. 
To this end, it has been discovered that porous substrates 

35 having an average pore size in the range of 1 /xm to 250 /xm 
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work quite well, with those having an average pore size in the 
range of about 10 /im to 100 /im being preferred. 

Also important in the choice of material is its porosity, 
as the rate of sample flow- through as well as the surface area 
5 of the substrate, and hence density of capture polynucleotide 
that can be immobilized on the substrate, depend in part on 
this factor. Generally, for porous substrates having the pore 
sizes described above, a porosity of between about 25% to 80% 
has been found to work quite well . 

10 As will be apparent to those of skill in the art, 

numerous combinations of pore sizes and porosities can be used 
to obtain porous substrates according to the invention. 
Because certain densities of immobilized capture 
polynucleotide must be achieved to attain favorable 

15 hybridization kinetics (discussed infra) , combinations of pore 

sizes and porosities that are capable of yielding an activated 
surface area of reactive groups prior to immobilization of 
capture polynucleotide of between about 6.7 X 10~ 17 to 9 . 0 X 
10~ 15 nmol/nm 2 should be selected. 

20 One of the advantages of the flow-through substrates of 

the invention over other flow-through membranes used in the 
art is their "three-dimensional" character. Quite unlike the 
nylon and nitrocellulose membranes used in conventional flow- 
through hybridization devices, which have thicknesses on the 

25 order of about 100-200 /im, the porous substrates of the 

invention typically have thicknesses in the range of 0.5 to 20 
mm, or are even thicker. Thus, unlike the membranes of the 
art, which operate like two-dimensional filters, the porous 
substrates of the invention operate more like three- 

30 dimensional columns, and as a consequence, have significantly 
higher sample capacities than the membranes used in the art. 

The actual thickness selected will depend, in part, on 
the properties of the polymeric material composing the 
substrate, the particular application of use and the viscosity 

35 of the sample. Preferably, a thickness is selected such that 
the porous substrate will not deform under pressurized 
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application of the sample of interest. Adjusting the 
thickness of the porous substrate for optimal performance for 
a particular application is well within the capabilities of 
those of skill in the art. 
5 Porous substrates having the required average pore sizes, 

porosities and thicknesses can be conveniently prepared from 
suitable materials using conventional fabrication processes 
such as weaving, sintering, physical binding, powder packing 
and gluing, as are well known in the art. For example, 

10 particles of a polymer, glass or a metal oxide having an 

average diameter in the range of about 0.1 /xm to about 3000 /xm 
can be sintered together to form a porous three-dimensional 
macroscopic network having the above -described properties. 
Additionally, materials having suitable average pore 

15 sizes and porosities are available commercially, and are 

either available in suitable thicknesses or can be cut into 
slabs, strips, disks or other convenient shapes of suitable 
thickness. Suitable commercially available substrates 
include, for example, the ultra high molecular weight porous 

20 sintered polyethylene membranes available from Porex 

Technologies, Fairburn, GA (6 /xm to 130 /xm ave. pore size; 
1/16" to 1/4" thick; 30-50% porosity); the high density 
polyethylene and non-cross- linked polystyrene sintered 
membranes available from the GenPore Division of General 

25 Polymeric Corporation, Reading, PA (6 /xm to 130 /xm ave. pore 
size; 1/16" to 1/4" thick; 30-50% porosity); the porous 
sintered plastic fiber membranes available from DeWal 
Industries, Saunderstown, RI (10 /xm to 100 /xm ave. pore size; 
0.005" to 0.125" thick; 30-50% porosity). Preferred porous 

30 substrates are the porous sintered polyethylene membranes 
available from Porex Technologies, Fairburn, GA, having an 
average pore size of 15 /xm to 40 /xm, a thickness of 1/8" and a 
porosity of 46% (catalogue numbers porex 4925 or porex 4901) . 
A capture polynucleotide is immobilized on the porous 

35 substrate. The only requirement of the capture polynucleotide 
is that it be capable of hybridizing to a region of the target 
nucleic acid under the desired hybridization assay conditions. 
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In other words, the capture polynucleotide must be at least 
partially complementary to a region of the target nucleic 
acid, depending on the requirements of the particular 
application. Preferably, the capture polynucleotide is 100% 
5 complementary to a region of the target nucleic acid such that 
it hybridizes to the target nucleic acid with a high degree of 
specificity when washed under conditions of high stringency, 
as will be discussed more thoroughly, below. 

The capture polynucleotide may be composed entirely of 

10 deoxyribonucleotides, entirely of ribonucleotides, or may be 
composed of mixtures of deoxy- and ribonucleotides. However, 
due to their stability to RNases and high temperatures, as 
well as their ease of synthesis, capture polynucleotides 
composed entirely of deoxyribonucleotides are preferred. 

15 The capture polynucleotide may be composed of all natural 

or all synthetic nucleotide bases, or a combination of both. 
While in most instances the capture polynucleotide will be 
composed entirely of the natural bases (A, C, G, T or U) , in 
certain circumstances the use of synthetic bases may be 

20 preferred. Moreover, while the backbone of the capture 

polynucleotide will typically be composed entirely of "native" 
phosphodiester linkages, it may contain one or modified 
linkages, such as one or more phosphorothioate, 
phosphoramidite or other modified linkages. As a specific 

25 example, the captive polynucleotide may be a peptide nucleic 
acid (PNA) , which contains amide interlinkages . Additional 
examples of modified bases and backbones that can be used in 
conjunction with the invention, as well as methods for their 
synthesis can be found, for example, in Uhlman & Peyman, 1990, 

30 Chemical Review 90 (4) : 544-584; Goodchild, 1990, Bioconjugate 
Chem. 1 (3) :165-186; Egholm et al . , 1992, J. Am. Chem. Soc. 
114:1895-1897; Gryaznov et al . , J. Am. Chem. Soc. 116:3143- 
3144, as well as the references cited in all of the above. 
While the capture polynucleotide will often be a 

35 contiguous stretch of nucleotides, it need not be. Stretches 
of nucleotides can be interrupted by one or more linker 
molecules that do not participate in sequence-specific base 
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pairing interactions with the target nucleic acid. The linker 
molecules may be flexible, semi-rigid or rigid, depending on 
the desired application. A variety of linker molecules useful 
for spacing one molecule from another or from a solid surface 
5 have been described in the art (and are described more 

thoroughly infra) ; all of these linker molecules can be used 
to space regions of the capture polynucleotide from one 
another. In a preferred embodiment of this aspect of the 
invention, the linker moiety is from one to ten, preferably 

10 two to six, alkylene glycol moieties, preferably ethylene 
glycol moieties. 

While the capture polynucleotide can be any number of 
nucleotides in length, it will typically be composed of a 
number of nucleotides sufficient to permit efficient, specific 

15 hybridization at moderate temperatures, while at the same time 
minimizing the occurrence of secondary structure. Generally, 
the capture polynucleotide will be composed of about 7 to 40 
nucleotides, typically about 10 to about 25 nucleotides, and 
preferably about 15 to about 20 nucleotides. 

20 The capture polynucleotide can be isolated from 

biological samples, generated by PCR reactions or other 
template-specific reactions, or made synthetically. Methods 
for isolating polynucleotides from biological samples and/or 
PCR reactions are well-known in the art, as are methods for 

25 synthesizing and purifying synthetic polynucleotides. Capture 
polynucleotides isolated from biological samples and/or PCR 
reactions may, depending on the desired mode of 
immobilization, require modification at the 3 1 - or 5 r - 
terminus, or at one or more bases, as will be discussed more 

30 thoroughly below. Moreover, since the capture polynucleotide 
must be capable of hybridizing to the target nucleic acid, if 
not already single stranded, it should preferably be rendered 
single stranded, either before or after immobilization on the 
porous substrate. 

35 The capture polynucleotide can be immobilized on the 

porous substrate using a wide variety of techniques. For 
example, the capture polynucleotide can be adsorbed or 
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otherwise non-covalently associated with the substrate; it may 
be covalently attached to the substrate; or its association 
may be mediated by specific binding pairs, such as biotin and 
streptavidin . Of these methods, covalent attachment is 
5 preferred. 

In order to effect covalent attachment, the substrate 
must first be activated, i.e., treated so as to create 

reactive groups on or within the substrate that can react with 
the capture polynucleotide to form a covalent linkage. Those 

10 of skill in the art will recognize that the desired reactive 
group will depend on the chemistry used to attach the capture 
polynucleotide to the porous substrate and the composition of 
the porous substrate. Typical reactive groups useful for 
effecting covalent attachment of the capture polynucleotide to 

15 the porous substrate include hydroxyl (-OH), sulfonyl (-SH) , 

A 

amino (-NH 2 ), epoxy (— CH 2 — CH 2 ) anc * carboxyl (-COOH) groups; 
however, other reactive groups as will be apparent to those 

20 having skill may also be used and are also included within the 
scope of the invention. 

A critical feature of the porous substrate of the 
invention is that it be activated with a high density of 
reactive groups. Specifically, if the density or surface 

25 concentration of reactive groups is too low, the quantity of 
capture polynucleotide immobilized on the porous substrate is 
insufficient to hybridize a detectable quantity of target 
nucleic acid; if the density or surface concentration of 
reactive groups is too high, the reactive groups may be 

30 sterically unavailable for immobilization of capture 

polynucleotide and/or the immobilized capture polynucleotide 
may be packed too closely and may sterically prevent 
hybr idi zat ion . 

Moreover, while not intending to be bound by any 

35 particular theory of operation, it is believed that the 
density or surface concentration of immobilized capture 
polynucleotide plays an important role in the observed 
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hybridization kinetics-- high densities or surface 
concentrations of immobilized capture polynucleotides are 
believed to, in part, account for the very rapid and highly 
efficient hybridization capture observed with the substrates 
5 of the invention. 

Since the quantity of immobilized capture polynucleotide 
is related to the quantity of reactive groups on the activated 
porous substrate, the density or surface concentration of 
reactive groups on the activated porous substrate plays a 
10 critical role in the ultimate hybridization kinetics achieved 
with the porous substrates described herein. 

Generally, porous substrates activated with about 
6.7 x 1CT 17 nmol/nm 2 to about 9 x 10* 15 nmol/nm 2 reactive groups 
yield good results, i.e. quantities of capture polynucleotide 

15 which provide extremely rapid hybridization kinetics (on the 
order of from 5 to 15 sec.) and detectable quantities of 
hybridized target nucleic acid are readily immobilized 
thereon. Typically, the activated porous substrates will 
contain from about 1.34 x 10" 16 nmol/nm 2 to about 6.7 x 10" 15 

20 nmol/nm 2 reactive groups and preferably from about 2 x 10" 16 
nmol/nm 2 to about 3.4 x 10~ 15 nmol/nm 2 reactive groups. 

A variety of techniques for generating appropriate 
densities or surface concentrations of reactive groups on 
myriad types of substrate materials are known in the art, and 

25 include, for example chemical activation, corona discharge 

activation, flame treatment activation, gas plasma activation 
and plasma enhanced chemical vapor deposition (PECUD) . Any of 
these techniques can be used to activate the porous substrates 
of the invention, provided that a sufficient density or 

30 surface concentration of reactive groups is achieved, as 

discussed above. Concentrations of reactive groups achieved 
via any mode of activation can be determined using standard 
methods for the particular group generated. For example, the 
activated porous substrates can be reacted with a reporter 

35 moiety that provides a quantifiable signal. Non-limiting 
examples include moieties that bear a radioactive label, 
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moieties that bear a fluorescence label and moieties that, 
when cleaved from the substrate, can be conveniently 
quantified using conventional spectroscopic techniques, such 
as, for example, fluorescence and/or absorbance spectroscopy. 
5 It has been found that due to the three-dimensional 

structure of the porous substrate, signals from reporter 
molecules bound thereto can be quenched. Thus, when 
quantifying reactive groups using support -bound reporter 
moieties, moieties producing signals that are not readily 

10 quenched should be selected, such as gamma -emit ting 

radiolabels (e.g., 125 I) . More preferably, cleavable reporter 
moieties should be used. 

One example of a cleavable reporter moiety useful for 
quantifying hydroxyl groups is dimethoxytrityl (DMT) . A 

15 porous substrate activated with hydroxyl groups is reacted 

with dimethoxytrityl chloride or other DMT- containing molecule 
(e.g., a 5 1 -ODMT-3 1 -nucleoside phsophoramidite) using 
conventional methods. The DMT group is then cleaved from the 
substrate using conventional methods (e.g., 3% trichloroacetic 

20 acid in dichloromethane) , and the cleaved DMT quantified by 
absorbance . 

Suitable cleavable reporter moieties useful for 
quantifying other types of reactive groups and/or other 
methods for quantifying reactive groups on an activated porous 
25 substrate will be apparent to those of skill in the art. 

For a review of the myriad techniques that can be used to 
activate the porous substrates of the invention with a 
sufficient density of reactive groups, see, the Wiley 

Encyclopedia of Packaging Technology, 2d Ed., Brody & Marsh, 
30 Ed., "Surface Treatment," pp. 867-874, John Wiley & Sons 

(1997) , and the references cited therein (hereinafter "Surface 
Treatment"). Chemical methods suitable for generating amino 
groups on silicon oxide substrates are described in Atkinson & 
Smith, "Solid Phase Synthesis of Oligodeoxyribonucleotides by 
35 the Phosphite Triester Method," In: Oligonucleotide Synthesis: 

A Practical Approach, M J Gait, Ed., 1984, IRL Press, Oxford, 
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particularly at pp. 45-49 (and the references cited therein) ; 
chemical methods suitable for generating hydroxy 1 groups on 
silicon oxide substrates are described in Pease et al. # 1994, 
Proc. Natl. Acad. Sci. USA 91:5022-5026 (and the references 

5 cited therein); chemical methods for generating functional 

groups on polymers such as polystyrene, polyamides and grafted 
polystyrenes are described in Lloyd-Williams et al . , 1997, 
Chemical Approaches to the Synthesis of Peptides and Proteins, 
Chapter 2, CRC Press, Boca Raton, FL (and the references cited 

10 therein) . 

Due to its ability to reproducibly generate the densities 
or surface concentrations of reactive groups discussed above 
on a variety of substrate materials, a particularly preferred 
method for activating the porous substrates of the invention 

15 is plasma activation. Plasmas are partially ionized gases 

containing free radicals, electrons and neutral species that, 
in use, can be extremely well-controlled and characterized, 
and are highly reproducible. An advantage of plasma 
activation is that since only a few angstroms of the surface 

20 layer of the plastic are modified, the bulk mechanical and 
physical properties of the plastic remain unchanged. 
Moreover, plasma activation is extremely versatile, permitting 
a wide variety of surface functional groups, concentrations 
and architectures to be explored using the same substrate. 

25 Generally, plasma activation involves placing the plastic 

to be activated in an evacuated chamber. A process gas is fed 
into the chamber at a desired pressure and plasma is created 
by applying radio -frequency (RF) energy across the chamber. 
The plasma contains excited gas species (including electrons, 

30 atoms, molecules, ions and free radicals) which can break 
covalent bonds and react with the polymer molecules on the 
surface of the plastic structure. 

The composition of the gas and process variables such as 
gas pressure, level of RF energy applied and time have a 

35 strong influence on the composition of the resulting surface. 
The surface reactivity of the plastic substrate can be 
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sufficiently long-lived that, even after removal from the 
plasma chamber, the activated surfaces can also be 
functionalized by exposure to additional reagents that are 
capable of reacting with the activated surface, 
5 A wide variety of techniques exist for using plasmas to 

activate myriad types of substrate materials with reactive 
groups suitable for immobilization of capture polynucleotides, 
including hydroxyl, amino and carboxyl reactive groups. The 
methods include among others, cross- linking and activation 
10 (see, e.g., Surface Treatment, supra, at pages 870-872, and 

the references cited therein) . Any of the available art-known 
plasma activation methods, or later discovered plasma 
activation methods, can be used to activate the porous 
substrates of the invention. 

15 Methods suitable for activating a variety of porous 

substrates with hydroxyl groups are described in U.S. Patent 
No. 5,700,559 and are also available from Metroline 
Industries, Inc. (Corona, CA) . Methods suitable for 
activating a polyethylene porous substrate with carboxyl 

20 groups or amine groups are provided in the Examples section. 
Once activated, the capture polynucleotide can be 
immobilized on the porous substrate. In one embodiment of the 
invention, the capture polynucleotide is chemically 
synthesized in situ directly onto the activated porous 

25 substrate. Those of skill in the art will recognize that when 
using direct chemical synthesis, the covalent bond formed 
between the capture polynucleotide and the porous substrate 
must be substantially stable to the synthesis and deprotection 
conditions so as to avoid loss of the capture polynucleotides 

30 during synthesis and/or deprotection. One such stable bond is 
the phosphodiester bond, which connects the various 
nucleotides in a polynucleotide, and which can be conveniently 
formed using well-known chemistries (see, e.g., Gait, 

Oligonucleotide Synthesis: A Practical Approach, 1984, IRL 
35 Press, Oxford, England) . Other stable bonds suitable for use 
with hydroxyl -activated porous substrates include 
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phosphorothiate, phosphoramidite, or other modified nucleic 
acid interlinkages . For porous substrates modified with amino 
groups, the bond could be a phosphoramidate, amide or peptide 
bond. When porous substrates are activated with epoxy 
5 functional groups, a stable C-N bond could be formed. 

Suitable reagents and conditions for forming such stable bonds 
are well known in the art. 

In one particularly convenient embodiment, the capture 
polynucleotide is synthesized directly on a hydroxyl- activated 
10 porous substrate using commercially available phosphoramidite 
synthesis reagents and standard oligonucleotide synthesis 
chemistries. In this mode, the capture polynucleotide is 
covalently attached to the porous substrate via its 

3 '-terminus by way of a phosphodiester linkage. When the size 
15 of the porous substrate permits, commercially available 
automated synthesizers may be employed to synthesize the 
capture polynucleotide directly on the activated porous 
substrate. 

The density of capture polynucleotide covalently attached 
20 to the porous substrate can be conveniently controlled by 

adding an amount of the first synthon (e.g., N-protected 5 f -0- 
dimethoxytrityl-2 • -deoxyribonucleotide-3 1 -O-phosphoramidite) 
sufficient to provide the desired number of synthesis groups 
on the substrate, and capping any unreacted hydroxyl groups on 
25 the substrate with a capping reagent (e.g., 1,4- 

diaminopyridine; DMAP) . After the excess hydroxyls have been 
capped, the trityl group protecting the 5* -hydroxyl can be 
removed and synthesis of the capture polynucleotide carried 
out as usual. Thus, due to its high extinction coefficient, 
30 the removed trityl group can be conveniently used to 

quantitate the number of polynucleotides on the activated 
substrate by uv/vis spectrometry. Following synthesis, the 
capture polynucleotide is deprotected using conventional 
methods . 

35 In an alternative embodiment, the capture polynucleotide 

is covalently attached to the activated porous substrate 
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through a post -synthesis or post-isolation conjugation 
reaction. In this embodiment, a pre-synthesized or isolated 
capture polynucleotide which is modified at its 3' -terminus, 
5-terminus and/or at one of its bases with a reactive 
5 functional group (e.g. epoxy, sulfonyl, amino or carboxyl) is 
conjugated to an activated porous substrate via a condensation 
reaction, thereby forming a covalent linkage. Again, 
substantially stabile (i.e., non-labile) covalent linkages 

such as amide, phosphodiester and phosphoramidate linkages are 

10 preferred. Synthesis supports and synthesis reagents useful 
for modifying the 3*- and/or 5' -terminus of synthetic 
polynucleotides, or for incorporating a base modified with a 
reactive group into a synthetic polynucleotide, are well-known 
in the art and are even commercially available. 

15 For example, methods for synthesizing 5' -modified 

oligonucleotides are described in Agarwal et al . , 1986, Nucl. 
Acids Res. 14:6227-6245 and Connelly, 1987, Nucl. Acids Res. 
15:3131-3139. Commercially available products for 
synthesizing 5 1 -amino modified oligonucleotides include the 

20 N-TFA-C6-AminoModifer™, N-MMT-C6-AminoModif er™ and N-MMT-C12- 
AminoModif ier™ reagents available from Clontech Laboratories, 
Inc., Palo Alto, California. 

Methods for synthesizing 3 1 -modified oligonucleotides are 
described in Nelson et al., 1989, Nucl. Acids Res. 17:7179- 

25 7186 and Nelson et al . , 1989, Nucl. Acids Res. 17:7187-7194. 
Commercial products for synthesizing 3 ' -modified 
oligonucleotides include the 3 1 -Amino-ON™ controlled pore 
glass and Amino Modifier II™ reagents available from Clontech 
Laboratories, Inc., Palo Alto, California. 

30 Other methods for modifying the 3' and/or 5' termini of 

oligonucleotides, as well as for synthesizing oligonucleotides 
containing appropriately modified bases are provided in 
Goodchild, 1990, Bioconjugate Chem. 1:165-186, and the 
references cited therein. Chemistries for attaching such 

35 modified oligonucleotides to substrates activated with 

appropriate reactive groups are well-known in the art (see, 
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e.g., Ghosh & Musso, 1987, Nucl. Acids Res. 15:5353-5372; Lund 
et al. f 1988, Nucl. Acids Res. 16:10861-10880; Rasmussen et 
al., 1991, Anal. Chem. 198:138-142; Kato & Ikada, 1996, 
Biotechnology and Bioengineering 51:581-590; Timofeev et al . , 
1996, Nucl. Acids Res. 24:3142-3148; O'Donnell et al . , 1997, 
Anal. Chem. 69:2438-2443). 

Methods and reagents for modifying the ends of 
polynucleotides isolated from biological samples and/or for 
incorporating bases modified with reactive groups into nascent 
polynucleotides are also well-known and commercially 
available. For example, an isolated oligonucleotide can be 
phosphorylated at the 5' -terminus with phosphorokinase and 
this phosphorylated oligo covalently attached onto an amino- 
activated porous substrate through a phosphoramidate or 
phosphodiester linkage. Other methods will be apparent to 
those of skill in the art. 

In one convenient embodiment of the invention, a capture 
polynucleotide modified at the 3 1 - or 5 1 -terminus with a 
primary amino group is conjugated to a carboxy- activated 
porous substrate. Chemistries suitable for forming 
carboxamide linkages between carboxyl and amino functional 
groups are well-known in the art of peptide chemistry (see, 
e.g., Atherton & Sheppard, Solid Phase Peptide Synthesis, 
1989, IRL Press, Oxford, England and Lloyd-Williams et al., 
Chemical Approaches to the Synthesis of Peptides and Proteins, 
1997, CRC Press, Boca Raton, FL and the references cited 
therein) . Any of these methods can be used to conjugate the 
amino -modified capture polynucleotide to the carboxy- activated 
porous substrate . 

In a preferred embodiment, the carboxamide linkage is 
generated using N,N,N' ,N f -tetramethyl (succinimido) uronium 
tetraf luoroborate ("TSTU") as a coupling reagent. Reaction 
conditions for the formation of carboxyamides with TSTU that 
can be used in conjunction with nucleic acids are described in 
Knorr et al . , 1989, Tet . Lett. 30 (15) : 1927-1930 ; Bannworth & 
Knorr, 1991, Tet. Lett. 32 (9) : 1157-1160; and Wilchek et al . , 
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1994, Bioconjugate Chem. 5 (5) : 491-492 . Preferred reaction 
conditions are provided in the examples. 

The choice of immobilizing the capture polynucleotide on 
the porous substrate via its 3'- or 5 r - end will depend upon 
5 the particular application. For capture and subsequent 
release for further processing such as sequencing or 
amplification (e.g., PGR), 3 1 -immobilization is preferred. 
For capture and direct amplification on the substrate, 5 1 - 
immobilization is preferred. For diagnostic applications, the 
10 terminus of immobilization will depend upon the target 
selection. 

Whether synthesized directly on the activated substrate 
or immobilized on the activated substrate post-synthesis or 
post-isolation, the capture polynucleotide can optionally be 

15 spaced away from the porous substrate by way of one or more 

linkers. As will be appreciated by those having skill in the 
art, such linkers will be at least bif unctional , i.e., they 
will have one functional group or moiety capable of forming a 
linkage with the activated substrate and another functional 

20 group or moiety capable of forming a linkage with another 

linker molecule or the capture polynucleotide. The linkers 
may be long or short, flexible or rigid, charged or uncharged, 
hydrophobic or hydrophilic, depending on the particular 
application. 

25 In certain circumstances, such linkers can be used to 

"convert" one functional group into another. For example, an 
amino-activated porous substrate can be converted into a 
hydroxyl- activated porous substrate by reaction with, for 
example, 3 -hydroxy-propionic acid. In this way, substrate 

30 materials which cannot be readily activated with a specified 

reactive functional group can be conveniently converted into a 
an appropriately activated porous substrate. Chemistries and 
reagents suitable for "converting" such reactive groups are 
well-known, and will be apparent to those having skill in the 

35 art of organic chemistry. 
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Linkers can also be used, where necessary, to increase or 
"amplify" the number of reactive groups on the activated 
porous substrate. For this embodiment, the linker will have 
three or more functional groups. Following attachment to the 
activated substrate by way of one of the functional groups, 
the remaining two or more groups are available for attachment 
of capture polynucleotide. Amplifying the number of 
functional groups on the activated porous substrate in this 
manner is particularly convenient when the substrate has been 
chemically activated. Amplification is generally not 
necessary when the substrate has been plasma activated. 

Reagents for amplifying the number of reactive groups are 
well-known and will be apparent to those of skill in the art. 
A particularly convenient class of amplifying reagents are the 
multifunctional epoxides sold under the trade name DENACOL™ 
(Nagassi Kasei Kogyo K.K.). These epoxides contain as many as 
four, five, or even more epoxy groups, and can be used to 
amplify porous substrate activated with reactive groups that 
react with epoxides, including, for example, hydroxyl, amino 
and sulfonyl activated porous substrates. The resulting 
epoxy-activated substrate can be conveniently converted to a 
hydroxyl -activated substrate, a carboxy- activated substrate, 
or other activated substrate by well-known methods. 

Linkers suitable for spacing biological molecules such as 
polynucleotides from solid surfaces are well-known in the art, 
and include, by way of example and not limitation, 
polypeptides such as polyproline or polyalanine, saturated or 
unsaturated bifunctional hydrocarbons such as 1-amino-hexanoic 
acid, polymers such as polyethylene glycol, etc. A 
particularly preferred linker is polyethylene glycol (MW 100 
to 1000). 1,4-Dimethoxytrityl -polyethylene glycol 
phosphoramidites useful for forming phosphodiester linkages 
with hydroxyl groups, as well as methods for their use in 
nucleic acid synthesis on solid substrates, are described, for 
example in Zhang et al., 1991, Nucl. Acids Res. 19:3929-3933 
and Durand et al . , 1990, Nucl. Acids Res. 18:6353-6359. Other 
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methods of attaching polyethylene glycol linkers will be 
apparent to those of skill in the art. 

The amount of capture polynucleotide immobilized on the 
activated porous substrate will depend in part upon the 
5 surface density of available functional groups and efficiency 
of the immobilized capture polynucleotide. As the amount of 
immobilized capture polynucleotide can affect the 
hybridization kinetics, immobilization methods that yield a 
surface density of immobilized capture polynucleotide in the 

10 range of 2 X 1CT 19 to 2 X 1CT 15 nmol/nm 2 should be employed. 
Preferably, the surface density of immobilized capture 
polynucleotide should be about 6xl0" 17 to 6xl0" 16 nmol/nm 2 . The 
density can be measured by well-known methods, including 
radioactivity measurements, fluorescence measurements, UV 

15 absorption, or chemical means. 

It has been discovered that in some circumstances, 
signals such as radioactivity and fluorescence are partially 
quenched by the substrate. While not intending to be bound by 
any particular theory, it is believed that the three- 

20 dimensional nature of the substrate quenches the signal. 

Radioactivity or fluorescence from capture polynucleotides 
immobilized within the pores of the porous substrate most 
likely cannot travel through the substrate to produce a 
detectable signal . 

25 Thus, in a preferred embodiment, the quantity of capture 

polynucleotide immobilized on the porous substrate is 
determined by quantifying the amount of a labeled 
complementary polynucleotide that hybridizes to the porous 
substrate. In such an assay, a porous substrate of known area 

30 is immersed in a solution containing a saturating or excess 
quantity of a labeled complementary polynucleotide under 
conditions which favor sequence specific hybridization and 
which disfavor non-specific binding for a time period 
sufficient for hybridization to occur. The complementary 

35 polynucleotide can be labeled with any type of label that can 
be conveniently quantified, e.g., a radioactive label of known 
specific activity, a fluorophone, etc. Following optional 
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wash steps to further decrease non-specific binding, the 
hybridization complex is disrupted, for example by application 
of heat above melting temperature (T ro ) of the duplex under 
conditions of low salt, the labeled polynucleotide is 
5 recovered, and quantified. From this, the density of capture 
polynucleotide immobilized on the porous substrate can be 
determined. 

To insure that a saturating level of labeled 
complementary polynucleotide has been used, multiple assays 

10 can be carried out using different concentrations of labeled 
polynucleotide, and the quantity of immobilized capture 
polynucleotide obtained for each sample. The plateau value 
reached for the quantity of labeled complementary 
polynucleotide released as a function of its concentration is 

15 the quantity of capture polynucleotide immobilized on the 
substrate . 

Those of skill in the art will recognize that quantifying 
the amount of immobilized capture polynucleotide using a 
hybridization assay only "counts" those polynucleotide 

20 molecules that hybridize with the labeled complementary 
polynucleotide. Thus, the value observed may not be 
quantitative in a strict sense. However, quantifying the 
amount of capture polynucleotide immobilized using this 
hybridization assay has significant advantages. Most 

25 importantly, it provides insights into the quantity of capture 
polynucleotide that is available to participate in 
hybridization reactions under "real world" conditions. Thus, 
while the value obtained may not be strictly quantitative, all 
references herein to quantities of immobilized capture 

30 polynucleotide include quantities that are determined by the 
hybridization assay described above. 

Preferred methods for immobilizing sufficient quantities 
of capture polynucleotides are provided in the examples. 

Once the capture polynucleotide has been immobilized on 

35 the porous substrate (and deprotected as necessary) , the 

porous substrate can be used for the capture, and optional 
release, of a target nucleic acid capable of hybridizing to 
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the capture polynucleotide. The target nucleic acid is the 
nucleic acid to be captured and/or detected. Like the capture 
polynucleotide, it may be composed of ribo- or 

deoxyribonucleotides or mixtures thereof; natural or synthetic 
5 bases or mixtures thereof; and may contain one or more 

modified interlinkages . It may be double -stranded or single- 
stranded; if double stranded the target nucleic acid should 
preferably be denatured prior to application to the porous 
substrate . 

10 Examples of target nucleic acids include plasmids or 

portions thereof, gnomic DNA or portions thereof, DNA derived 
from subcellular organelles, cDNA, messenger and ribosomal 
RNAs, all of which may be isolated and prepared for use with 
the present invention using methods known in the art. 

15 The target nucleic acid may be modified to contain a 

reporter group which can be used, for example, to detect 
hybridization on the porous substrate, for further 
purification post-capture or for other purposes as will be 
apparent to those having skill in the art. Useful reporter 

20 groups include radioisotopes, f luorophores, moieties that 
chemiluminesce, ligands capable of binding to a secondary 
reporter group (e.g., biotin) , enzymes capable of producing a 
colorimetric reaction (e.g. peroxides, digoxygenine) , and the 
like. Methods and reagents for incorporating such reporter 

25 groups into nucleic acids are well-known in the art, as are 
methods for detecting such reporter groups. The actual 
reporter group used will depend, of course, on the desired 
application, quantity of target nucleic acid and other factors 
that will be apparent to those having skill in the art. 

30 While the substrate can be used alone, it will typically 

be disposed within a housing which aids the flow of 
hybridization solution containing the target nucleic acid 
through the porous substrate. When disposed within a housing, 
the porous substrate is configured to sealingly engage the 

35 interior surface of the housing along the entire perimeter of 
the substrate so that sample applied to the housing will flow 
through the porous substrate. Convenient housings include, 
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for example, syringe barrels, chromatography columns, spin 
columns, pipettes, pipette tips, microchannels, capillaries, 
etc. The porous substrates can also be disposed within, or 
replace the bottoms of, a 96 or 384-well or other standardized 
5 multi-well plate. Moreover, the porous substrates of the 

invention can be used in conjunction with known immunological 
or other known flow- through devices with little modification 
in operation. Exemplary flow- through devices suitable for 
adaptation for use with the substrates of the invention are 

10 described, for example, in U.S. Patent No. 4,366,241, U.S. 

Patent No. 4,632,901, U.S. Patent No. 4,818,677, U.S. Patent 
No. 4,920,046, U.S. Patent No. 5,741,647 and EP 0 605 828 Al . 

In use, a sample containing or suspected of containing 
the target nucleic acid is applied to, and flowed through, the 

15 porous substrate. Prior to application of the sample, the 

porous substrate may be washed with buffer to equilibrate the 
porous substrate to the conditions that will be used for 
hybridization or capture. The porous substrate may also be 
treated to disrupt any secondary structure in the capture 

20 polynucleotide, either by washing with denaturing buffers or 
by application of heat. 

While the volume of the applied sample is not critical, a 
sample volume equal to or less than the void volume of the 
porous substrate is particularly effective. Typically, a 

25 sample volume of about 1-100 jil, preferably about 20-60 /il, 
applied to a 7 mm diameter x 3.2 mm thick disk of porous 
substrate provides good results* 

Moreover, while the concentration of target nucleic acid 
in the sample can be varied over quite a wide range, 

30 preferably the number of capture sites on the porous substrate 
exceeds the number of target nucleic acids in the sample to be 
captured. Molar ratios of capture polynucleotide to target 
nucleic acid in the range of about 1:1 to 10 6 :1 provide good 
results; however, a molar ratio of about 10 3 :1 is preferred. 

35 As the sample flows through and contacts the porous 

substrate, hybridization takes place. Thus, the sample should 
contact the porous substrate for a period of time that is long 
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enough for hybridization to occur. The kinetics of 
hybridization will depend on many factors, including the GC 
content of the capture polynucleotide, the lengths of the 
capture polynucleotide and target nucleic acid, the amount of 
capture polynucleotide immobilized on the porous substrate, 
the concentration of target nucleic acid in the sample, the 
salt and/or buffer conditions of the sample, the temperature 
of hybridization, etc. As it has been discovered that 
hybridization occurs almost instantaneously (i.e., in a matter 
of seconds) under most hybridization conditions, samples 
incubated with the porous substrate for less than a minute, 
and even on the order of about 5 to 15 sec. generally gave 
good results. 

The sample can be flowed onto the porous substrate for a 
period of contact and then flowed through, or it can be 
continuously flowed through the substrate at a flow rate 
sufficient to achieve the desired duration of contact. The 
sample can be flowed through the porous substrate under 
gravity, electrophoretically, electrosmotically, or with the 
aid of pumps, vacuum pressure or centrifugal force. 

As will be recognized by those having skill in the art, 
the degree of specificity of hybridization achieved will vary, 
and will depend on, among other factors, the salt 
concentration of the sample, the hybridization temperature, 
the GC content of the capture polynucleotide, the lengths of 
the capture polynucleotide and target nucleic acid, the types 
of nucleic acids (e.g. RNA or DNA) and whether one of the 
nucleic acids, e.g., capture polynucleotide, is immobilized. 
Manipulation of variables such as buffer salt concentrations, 
hybridization temperature, etc. to achieve the desired degree 
of specificity is well within the capabilities of those having 
skill in the art. Guidance for selecting hybridization 
conditions suitable for a particular application can be found, 
for example, in Nucleic Acid Hybridization: A Practical 
Approach, Hames & Higgins, Ed., IRL Press 1985. 
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The target nucleic acid can be applied to the porous 
substrate under conditions of high stringency, i.e., under 
hybridization buffer and temperature conditions which 
discriminate between wholly and partially complementary 
5 hybrids. Temperature control can be maintained with the aid 
of, for example, a water bath, an incubator or a heat block. 
By manipulation of the hybridization buffer conditions, 
temperature and hybridization time (i.e., time of contact with 
the porous substrate) , only target nucleic acids sharing a 

10 desired degree of homology with the capture polynucleotide can 
be captured on the porous substrate. 

Alternatively, the target nucleic acid can be applied to 
the porous substrate under conditions of moderate or low 
stringency, and the desired degree of stringency achieved via 

15 washing under, for example, conditions of high stringency. It 
has been discovered that hybridizing the target nucleic acid 
and capture polynucleotide under conditions of low stringency 
followed by washing with buffer under conditions of moderate 
to high stringency generally provides good results. 

20 Hybridizing the target nucleic acid under conditions of high 
stringency tends to decrease non-specific binding to the 
substrate. Moreover, it has been discovered that applying the 
target nucleic acid to the porous substrate under the above- 
described stringency conditions yields extremely rapid 

25 hybridization kinetics-- i.e., hybridization between the 

target nucleic acid and capture polynucleotide occurs in less 
than a minute, typically on the order of about 5 to 15 sec. 

As further described below (see Section 7) , an example of 
hybridization conditions that can be used in the methods of 

30 the invention involves pre -rinsing the substrate with IX TET 
buffer (100 mM Tris-HCl, pH 8.0, 3 mM EDTA, 0.1% Tween™-20) 
and hybridization at 37°C under conditions of moderate 
stringency (562.5 mM tetramethylammonium chloride, 75 mM Tris- 
HCl, pH 8.0, 2.25 mM EDTA, 0.075% Tween™-20) for a period of 

35 between 15 sec. to 5 min., followed by washing with IX TET 
buffer and then optionally with 70% aqueous isopropanol . 
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Another example of standard hybridization conditions that 
can be used is 600mM tetraethylammonium chloride (TMA) , 3 mM 
EDTA, 0.03% Tween™-20 and 100 mM Tris-HCl, pH 8.0. An example 
of high salt lower stringency hybridization conditions is 800 
5 mM TMA, 3mM EDTA, 0.03% Tween™-20 and 100 mM Tris-HCl, pH 8.0. 
An example of reduced- salt high stringency hybridization 
conditions is 200 mM TMA, 3 mM EDTA, 0.03% Tween™-20 and 100 
mM Tris-HCl, pH 8.0. 

Additional examples of progressively higher stringency 

10 conditions are as follows: 0.2xSSC/0.1% SDS at about room 

temperature (low stringency conditions); 0.2xSSC/0.1% SDS at 
about 42°C (moderate stringency conditions); and O.lxSSC at 
about 68°C (high stringency conditions) . Washing can be 
carried out using only one of these conditions, e.g., high 

15 stringency conditions, or each of the conditions can be used, 
e.g., for 15 sec. to 5 min. or longer each, preferably in the 
order listed above, repeating any or all of the steps listed. 
However, as mentioned above, optimal conditions will vary, 
depending on the particular hybridization reaction involved, 

20 and can be determined empirically. 

Following capture and optional washing, the presence or 
absence of hybridization on the porous substrate can be 
determined. The mode of detection will depend on whether the 
target nucleic acid bears a reporter molecule, and on the type 

25 of reporter molecule. For example, if the target nucleic acid 
bears a radioisotope label , the target substrate can be 
detected for retained radioactivity; if the target nucleic 
acid bears a fluorophore label, the porous substrate can be 
analyzed for fluorescence; if the target nucleic acid bears a 

30 biotin label, the target substrate can be assayed for the 

ability to bind labeled (e.g., f luorescently labeled) avidin 
or streptavidin . Those of skill in the art will recognize 
that virtually any reporter group and detection scheme can be 
easily adapted for use with the present invention. In many 

35 instances, the quantity of reporter group can be determined, 
thereby determining the quantity of target nucleic acid 
present in the sample. 
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In circumstances where the target nucleic acid does not 
bear a reporter group, the presence of hybridization can be 
determined by contacting the porous substrate with reagents 
that preferentially bind to double- stranded nucleic acids. 
5 Particularly useful reagents include intercalators such as 

ethidium bromide; especially those intercalators which exhibit 
induced or shifted fluorescence upon intercalation , such as, 
for example, ethidium homodimers. Other useful reagents can 
be found, e.g., in Haugland, Handbook of Fluorescent Probes 

10 and Research Chemicals, latest edition, Molecular Probes, 
Inc., P.O. Box 22010, Eugene, OR 97402-0469. Contacting a 
porous substrate that has not been subjected to hybridization 
with the same detection reagent provides a convenient control . 
The quantity of hybrid can be determined by comparing the 

15 fluorescence intensity of the substrate with that produced by 
known quantities of duplex DNA, preferably duplex DNA of the 
same length as the hybrids . 

Alternatively, the presence of hybridization can be 
determined by dissociating the hybrids and recovering the 

20 hybridized target nucleic acid. Quite unlike other filter and 
flow- through hybridization methods, a significant advantage of 
the present invention is that the hybridized complex can be 
dissociated and the target nucleic acid efficiently recovered. 
The hybrids can be conveniently dissociated with heat, or 

25 with chemical denaturants such as 7-8M urea, 70% NH 4 OH (aq. ) , 

formamide, NaOH and deionized water or by electroelution . The 
recovered target nucleic acid can be detected by conventional 
means, such as ethidium bromide or other staining, UV 
absorbance, etc. Of course, if the target nucleic acid bears 

30 a reporter group, the reporter group can be used for detection 
after recovery. 
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6.2- USES 

The porous substrates of the invention can be used in 
virtually any application where the capture and/or recovery of 
a target nucleic acid is desirable. Due to their ability to 
5 provide easy and efficient recovery, the porous substrates 

described herein can be advantageously used to purify target 
nucleic acids such as PCR amplification products from a pool 
of related or unrelated sequences in high yield for subsequent 
use. Moreover, pluralities of porous substrates, each having 

10 a unique capture polynucleotide immobilized thereon, can be 

disposed within a single housing for simultaneous capture of a 
plurality of different target nucleic acids, or for SBH 
applications. Alternatively, a plurality of capture 
polynucleotides can be immobilized on a single porous 

15 substrate. 

Additional uses include capture and recovery of 
sequencing ladders for subsequent sequencing application. In 
fact, because the porous substrates of the invention have 
fairly large pores, large sequencing templates such as BAC, . 

20 YAC and gnomic sequencing templates can be recovered and 
sequenced without the clogging problems observed with 
conventional membrane -based flow-rthrough devices. Thus, the 
porous substrates of the invention permit capture and 
subsequent sequencing of templates without regard to their 

25 sizes, thereby allowing longer templates to be sequenced than 
can be sequenced using conventional methods. 

The porous substrates also permit capture and/or recovery 
of nucleic acids from biological samples or other samples 
containing large molecule contaminants without substantial 

30 clogging of the device. Once captured, these target nucleic 
acids can be. directly used for PCR, sequencing, or other 
applications. 

Moreover, the porous substrates of the invention permit 
washing of the captured polynucleotide. Washing removes to 
35 low levels all other reaction or sample components, such as 
templates, proteins, dNTPs, dye terminators, non- captured 
primers, salts, etc. 
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Thus, as will be appreciated by those of skill in the 
art, the porous substrates and apparatuses comprising the 
porous substrates can be advantageously used in any 
application that involves hybridization-based capture, and 
5 optimal recovery, of nucleic acids. 

The invention having been described, the following 
examples are intended to illustrate, not limit, the invention. 

7. EXAMPLE: CAPTURE AND SEQUENCING OF A DUPLEX 
10 SEQUENCING LADDER 

The following example demonstrates the use of porous 

substrates according to the invention to selectively capture 

sequencing ladders generated from a region of plasmid DNA 

during a duplex sequencing reaction. The sequencing chemistry 

15 is very similar to that used in the standard Big Dye™ 
Terminator (P.E. Applied Biosystems, Foster City, CA) 
sequencing reaction, except that both forward and reverse 
primers are extended simultaneously. The sequencing ladders 
generated are then selectively separated via flow- through 

20 capture prior to sequence analysis. 

The control template used was a Bluescript™ II +/- vector 
(Stratagene, La Jolla, CA) with a 3667 base insert. The 
sequences of the forward and reverse primers are provided in 
FIG. 1. Duplex sequencing of forward and reverse directions 

25 of a template require that the primers be approx. 1500 bases 

or greater apart. The extension products of short inserts are 
partially complementary to one another and are therefore 
susceptible to cross-hybridization. Partial annealing of the 
longer fragments of one primer to the other may occur such 

30 that both strands are captured during the hybridization. 

In the protocol described below, the ready-reaction 
premix concentrations used were the same as those used in the 
standard Big Dye™ Terminator single reaction. The primers 
were supplied as a premix ready to be added to the reaction. 

35 

7.1 EXPERIMENTAL PROTOCOL 

7.1.1 PREPARATION OF PRIMERS 
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Forward and reverse sequencing primers according to 
FIG. 1 were prepared using standard solid-phase phosporamidite 
DNA chemistry on an ABI Model 394 DNA Synthesizer (P.E. 
Applied Biosystems, Foster City, CA) according to the 
5 manufacturers protocols. For the linker sections of the 
molecules, DMTr-O- (CH 2 CH 2 -0) 4 -CH 2 CH 2 -0-phosphoramidite (PEG 
phosphoramidite) was prepared as previously described (Zhang 
et al., 1991, supra; Durand et al., 1990, supra) and used as a 
standard phosphoramidite reagent at the appropriate point in 
10 the synthesis. Each linker consisted of two PEG 
phosphoramidite units. 



7.1.2 DUPLEX SEQUENCING REACTION 

A duplex sequencing reaction was carried out using 
15 standard Big Dye™ Terminator (P.E. Applied Biosystems, Foster 
City, CA) reagents and methods, except that both forward and 
reverse primers (FIG. 1) were used. The duplex sequencing 
reaction contained the following reagents: 



20 



25 



30 



Template (400 ng//xl) 
Big Dye™ Terminator Premix 
Primer Mix (2 pmol//xg each primer) 
Distilled Water 



3 M l 

8 Ml 
2 fil 
7 Ml 



Final Volume 



20 Ml 



Sequencing ladders were generating using the following 
thermal cycling: 



1 cycle 



preheat step 
97°C, 60 sec. 



40 cycles steps 

96°C, 10 sec, 
45°C, 15 sec. 



60°C, 4 min. 



use higher annealing 
temp. , such as 51°C, 
for GC-rich templates 
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1 cycle heat -denaturat ion step 
99.9°C, 10 min. 

5 hold cycle 4°C 



7.1.3 SYNTHESIS OP 3 1 -AMINATED CAPTURE 
POLYNUCLEOTIDES 

10 Forward [5 1 -CCGTTTGCGTGAGTG- (pentaethyleneglycol ) 2 - 

(CH 2 ) 6 -NH 2 -3 ' ; SEQ ID NO:l] and reverse [5 ' -GTGCTCTTGGGAGAGTT- 
(pentaethyleneglycol) 2 - (CH 2 ) 6 -NH 2 ; SEQ ID NO: 2] capture 
polynucleotides modified at their 3 1 -termini with a primary 
amino group were synthesized on an ABI Model 394 DNA 

15 synthesizer (P.E. Applied Biosystems, Foster City # CA) using 
3 ? -amino linker controlled pore glass and standard 
phosphoramidite reagents according to the manufacturers 1 
protocols. The capture polynucleotides were cleaved and 
deprotected with aqueous ammonium hydroxide and purified by 

20 reverse-phase HPLC. 

7.1.4 CARBOXY-ACTIVATION OF POROUS SUBSTRATES 
Polyethylene sheets having a porosity of 40-50% and 

an average pore size of 25-40jzm (Porex catalog no. 4901 or 
25 4925) were cut with a cork borer into 7mm diameter by 3.2mm 
thick discs and plasma-activated with carboxyl groups. To 
activate , discs were placed into a vacuum chamber containing 
radio- frequency (RF) electrodes and pumped down to 50 mtorr. 
Argon and acrylic acid were then simultaneously introduced 
30 into the chamber at a rate of 50 seem until the pressure in 

the chamber stabilized between 160-180 mtorr, corresponding to 
an approximately 50:50 ratio of argon: acrylic acid. 

After the pressure stabilized, a plasma was 
generated by applying a 13.56 MHZ RF for 3 min. The RF and 
35 gases were then turned off and the chamber pumped back down to 
50 mtorr. Following evacuation, the chamber was flushed with 



this step inactivates 
the Taq polymerase 
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4% H 2 /96% He for 3 min. to quench any remaining ions and free 
radicals. Following quenching, the chamber was vented to 
atmosphere and the carboxy- activated porous substrates 
removed . 

5 The carboxy- activated substrates contained 0.17/imol 

carboxyl groups per gram, as determined by derivatizing with 
ethylene diamine followed by the ninhydrin test. 

The porous substrate can also be carboxy -activated 
by an alternative method using an oxygen plasma treatment 

10 followed by an acrylic acid plasma-enhanced chemical vapor 

deposition method developed by 4 th State, Inc. (Belmont, CA) . 
In this alternative method, polyethelene porous substrates 
(e.g., discs) are placed into a vacuum chamber and pumped down 
to 60 mtorr. Oxygen is then added at a rate of 250 seem 

15 (nominal pressure of 325 mtorr) for 3 min. at 435 watts. The 
oxygen plasma is followed by 75 seem argon (nominal pressure 
of 100 mtorr) with injection of acrylic acid to a nominal 
pressure of 180-200 mtorr for 3 min. at 500 watts. Lastly, 
the substrates are quenched in argon for 3 min. at 0 watts and 

20 then vented to atmosphere. 
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7.1.5 AMINO-ACTIVATION OF POROUS SUBSTRATES 
The above -described polyethylene substrates 

(e.g., discs) can be activated with amino groups using a 
combination of oxygen and ammonia plasma treatment, also 
5 develped by 4 th state, Inc. (Belmont, CA) . After pumping down 
to a base pressure of 60 mtorr, the polyethylene substrates 
are first exposed to 250 seem oxygen (nominal pressure of -325 
mtorr) for 3 min. at 435 watts. Next, the substrates are 
exposed to 250 seem ammonia (nominal pressure of 325 mtorr) 
10 for 6 min. at 300 watts. Lastly, the substrates are quenched 
in ammonia for 1 min. (200 mtorr nominal pressure) and then 
vented to the atmoshpere. 

7.1.6 IMMOBILIZATION OF CAPTURE POLYNUCLEOTIDES 
15 To convert the carboxy-activated substrates to their 

NHS esters, carboxy-activated substrates (0.3 g; 0.17 jxmol 
carboxyl group per gram) were suspended in 1 ml of DMF 
containing TSTU and DMAP (0.25 /xmole each) in a glass vial. 
The reaction mixture was agitated for 5 h at room temp, in the 
20 dark. 

The reaction mixture was removed, the NHS-ester-activated 
substrates were placed in a funnel attached to a house vacuum 
and washed in seriatim with 10-15 ml DMF, 10-15 ml ethanol and 

5-10 ml dichloromethane. Following washing, the substrates 

25 were air-dried. 

The dried NHS-ester-activated substrates were suspended 
in a solution of sodium phosphate (0.1 M, pH 8 . 0) containing 
3'-aminated capture polynucleotide (0.6 nmol//il) . The 
reaction was shaken overnight at room temp, in the dark. 

30 The conjugation solution was removed and saved. The 

substrates were then washed in a funnel as previously 
described with 10-15 ml deionized water and 5 ml 0.4 N 
NH 4 0H(aq.) . The substrates were then incubated in 5-10 ml 
NH 4 OH(aq.) at room temp, for 5 min., and washed with 10-15 ml 

35 IX TET buffer (100 mM Tris-HCl, pH 8.0; 3 mM EDTA; 0.1% Tween- 
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20™) . The substrates were suspended in IX TET buffer and 
stored at 4°C. 

7.1.7 HYBRIDIZATION CAPTURE AND SEQUENCING 

5 Substrates (25) having forward capture 

polynucleotide (SEQ ID NO:l) immobilized thereon were disposed 
within white-colored spin columns; substrates (25) having 
reverse capture polynucleotide (SEQ ID NO: 2) immobilized 
thereon were disposed within purple -colored spin columns. The 
10 resultant capture columns were rinsed and hybridized as 
follows : 

1. All capture columns were fitted in 2 ml wash tubes, 
placed in a table-top centrifuge and spun at approx. 7000 RCF 

15 for 60 sec. The columns were pre-rinsed with 300 fil IX TET 
buffer (100 mM Tris-HCl, pH 8.0, 3 mM EDTA, 0.1% Tween™-20) 
and spun at approx. 7000 RCF for 1 min. 

2. One set of rinsed capture columns was fitted in 1.5 
ml conical collection tubes. For hybridization, 10 jxl of 
sequencing reaction (equilibrated to room temp.) was mixed 
with 30 /xl hybridization buffer (750 mM tetramethylammonium 
chloride, 100 mM Tris-HCl, pH 8.0, 3 mM EDTA, 0.1% Tween™-20) 
and immediately pipetted directly into each capture column. 

3. The capture columns were incubated at 37°C (in an 
incubator or heat block) for 5 min. 

4. The hybridization solutions were recovered by 
30 spinning the columns at approx. 7000 RCF for 60 sec. 

5. The second set of capture columns was fitted into 
collection tubes and 40 /xl of hybridization mixture recovered 
from each of the first columns was pipetted directly into 

35 second capture columns. The second capture columns were 

incubated at 37°C for 5 min. and the hybridization solution 
removed by spinning the columns at approx. 7000 RCF for 60 



20 



25 
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sec. At this point, both forward and reverse reactions have 
been captured and separated. 

6. All capture columns were then fitted into 2 ml wash 
5 tubes and washed with 300 fil IX TET buffer followed by 300 fil 
70% aqueous isopropanol. Each wash was removed by spinning 
the columns at 7000 RCF for 60 sec. and discarded. 



7. The capture columns were then fitted into clean 

10 collection tubes (1.5 ml) and 60 pi 70% NH 4 OH was pipetted into 
each column to denature the hybridized complexes. This 
solution was removed by spinning the columns at approx. 7000 
RCF for 60 sec, and the eluates were dried in a speed- vacuum 
centrifuge . 

15 

8. For sequencing, the dried pellets from each column 
were resuspended in 3 /il of gel loading buffer (5:1 deionized 
formamide: 50 mM EDTA) and incubated at 98°C for 2 min. to 
denature. 1.0-1.5 /zl was loaded onto a 377 ABI Prism™ DNA 

20 Sequencer (P.E. Applied Biosystems, Foster City, CA) and a 
sequence printout obtained. 

7.2 RESULTS 

The results of the capture sequencing reactions are 
25 illustrated in FIG. 2. The sequence is identical to that 

obtained using standard dye primer and dye fluorescence 

sequencing chemistry. 

The foregoing written specification is considered to be 

sufficient to enable one skilled in the art to practice the 
30 invention. Various modifications of the above -de scribed modes 

for carrying out the invention which are obvious to those 

skilled in the molecular biological, biochemical and related 

arts are intended to be within the scope of the appended 

claims . 

35 All cited references are hereby incorporated herein by 

reference in their entireties. 
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What Is Claimed Is: 

1. A flow-through device for capturing a target nucleic 
acid comprising a three-dimensional porous substrate having 
immobilized thereon a capture polynucleotide which is capable 
of hybridizing to the target nucleic acid. 

2. The flow-through device of Claim 1, which is about 
1 mm to 20 mm thick. 

3. The flow-through device of Claim l, in which said 
porous substrate has an average pore size of about 1 fim to 
about 250 /xm. 

4. The flow-through device of Claim 1, in which said 
porous substrate has immobilized thereon about 2 X 10" 19 to 2 X 
10~ 15 nmole/nm 2 of said capture polynucleotide. 

5. The flow- through device of Claim 1, in which said 
capture polynucleotide is covalently attached to the porous 
substrate . 

6. The flow-through device of Claim 1, in which said 
capture polynucleotide is covalently attached to the porous 
substrate via a phosphodiester, phosphorothioate or 
phosphor amidate linkage. 

7. The flow-through device of Claim 1, in which said 
capture polynucleotide is covalently attached to the porous 
substrate via a carboxyamide linkage. 

8. The flow- through device of Claim 1, in which said 
capture polynucleotide is covalently attached to the porous 
substrate via a linker. 
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9. The flow-through device of Claim 1, in which said 
porous substrate is composed of glass or a polymeric material 
selected from the group consisting of polyethylene, 
polystyrene, polycarbonate and polypropylene. 

5 

10. The flow- through device of Claim 1, in which said 
porous substrate is composed of high density or high molecular 
weight polyethylene. 

10 11. The flow- through device of Claim 1, in which said 

porous substrate has a void volume in the range of about 1 
/xl/cm 2 to about 100 /zl/cm 2 . 

12. A flow-through device for capturing a target nucleic 
15 acid comprising a three-dimensional substrate having an 

average pore size of about 1 /im to about 250 /u,m and having 
immobilized thereon a capture polynucleotide capable of 
hybridizing to the target nucleic acid. 

20 13. The flow-through device of Claim 12 which has a 

porosity in the range of about 25 to 80%. 

14. The flow-through device of Claim 12 in which the 
capture polynucleotide is covalently immobilized on the porous 

25 substrate via its 5 1 - or 3 r - terminal residue. 

15. The flow-through device of Claim 14 further 
including a linker disposed between the porous substrate and 
the capture polynucleotide. 

30 

16. The flow-through device of Claim 12 having 
immobilized thereon about 2 X 10~ 19 to 2 X 10~ 15 nmole/nm 2 of 
said capture polynucleotide. 

35 17. A flow-through device for capturing a target nucleic 

acid comprising a three-dimensional porous substrate having 
immobilized thereon about 2 X 10" 19 to 2 X 10~ 15 nmole/nm 2 of a 
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capture polynucleotide capable of hybridizing to the target 
nucleic acid. 

18. The flow-through device of Claim 17 in which the 
5 porous substrate has an average pore size of about 1 fim to 

about 250 ^m. 

19. The flow- through device of Claim 17 in which the 
porous substrate has a porosity in the range of about 25 to 

10 80%. 



20. The flow- through device of Claim 17 in which said 
capture polynucleotide is covalently attached to the porous 
substrate. 

15 

21. An apparatus for capturing a target nucleic acid 
from a sample comprising a housing having disposed therein a 
flow-through device according to Claim 1. 

20 22. The flow- through device of Claim 21, in which said 

housing is selected from the group consisting of a syringe 
barrel, a pipette, a disposable pipette tip, a chromatography 
column, a spin column a microchannel, a capillary and a 
multi-well plate. 

25 

23. A method of capturing a target nucleic acid from a 
sample, said method comprising the step of: 

(i) flowing a sample containing or suspected of 
containing a target nucleic acid through a three-dimensional 
30 porous substrate having immobilized thereon a capture 

polynucleotide capable of hybridizing to the target nucleic 
acid, under conditions wherein said target nucleic acid and 
capture polynucleotide hybridize to one another to form a 
hybridized complex, thereby capturing the target nucleic acid. 
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24. The method of Claim 23, in which said target nucleic 
acid is applied to said porous substrate under conditions of 
high stringency. 

25. The method of Claim 23, in which said target nucleic 
acid is applied to said porous substrate under conditions of 
low stringency. 

26. The method of Claim 23, in which said target nucleic 
acid is applied to the porous substrate under conditions 
wherein it hybridizes with said capture polynucleotide in less 
than one minute. 

27. The method of Claim 23, in which said porous 
substrate has an average pore size of about 1 fim to about 250 
fan. 

28. The method of Claim 23, in which the density or 
surface concentration of said capture polynucleotide is about 
2 X 10~ 19 to 2 X 10" 15 nmole/nm 2 . 

29. The method of Claim 23, in which said capture 
polynucleotide is covalently attached to the porous substrate. 

30. The method of Claim 23, in which said capture 
polynucleotide is covalently attached to the porous substrate 
via a phosphodiester, phosphorothioate or phosphoramidate 
linkage . 

31. The method of Claim 23, in which said capture 
polynucleotide is covalently attached to the porous substrate 
via a carboxyamide linkage. 

32. The method of Claim 23, in which said capture 
polynucleotide is covalently attached to the porous substrate 
via a linker. 
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33. The method of Claim 23, in which said porous 
substrate is composed of glass or a polymeric material 
selected from the group consisting of polyethylene, 
polystyrene, polycarbonate and polypropylene. 

34. The method of Claim 23, in which said porous 
substrate is composed of high density or high molecular weight 
polyethylene . 



10 35. The method of Claim 23, in which said porous 

substrate has a void volume in the range of 0.1 j*l/cm 2 to about 
100 fzl/cm 2 . 

36. The method of Claim 23 which further includes the 
15 step of washing said hybridized complex under conditions of 

moderate or high stringency. 

37. The method of Claim 23 which further includes the 
step of dissociating the hybridized complex and recovering the 

20 target nucleic acid. 



38. A method of recovering a target nucleic acid from a 
sample, said method comprising the steps of: 

(a) flowing a sample containing or suspected of 
25 containing a target nucleic acid through a three-dimensional 

porous substrate having attached thereto a capture 
polynucleotide capable of hybridizing to the target nucleic 
acid, under conditions wherein the target nucleic acid and 
target polynucleotide hybridize to form a hybridized complex; 
30 and 

(b) dissociating the hybridized complex and 
recovering said target nucleic acid. 

39. The method of Claim 3 8 which further includes the 
35 step of washing the porous substrate under conditions of high 

stringency following step (a) and prior to step (b) . 
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40. A method of determining whether a sample contains a 
target nucleic acid, said method comprising the steps of: 

(c) flowing a sample suspected of containing a 
target nucleic acid through a three-dimensional porous 

5 substrate having a capture polynucleotide capable of 

hybridizing to the target nucleic acid attached thereto under 
conditions wherein the target nucleic acid and target 
polynucleotide hybridize; and 

(d) detecting the presence of hybrids, wherein a 
10 positive detection indicates the presence of the target 

nucleic acid in the sample. 



41. The method of Claim 40, in which said target nucleic 
acid bears a reporter moiety and hybrids are detected by 
15 detecting the presence of said reporter moiety. 



42. A method of capturing a sequencing ladder of 
polynucleotides generated from a sequencing reaction 
comprising flowing a sample containing sequencing ladder 

20 polynucleotides through a porous substrate having immobilized 
thereon a capture polynucleotide capable of hybridizing to the 
sequencing ladder polynucleotides under conditions wherein 
said capture polynucleotide and said sequencing ladder 
polynucleotides hybridize. 

25 

43. The method of Claim 42, further including the step 
of washing said porous substrate after said hybridization 
step. 

30 44, a kit for capturing a target nucleic acid of 

interest from a sample, comprising: 

a) a three-dimensional porous substrate having 

immobilized thereon a capture polynucleotide capable of 

hybridizing to said target nucleic acid; and 
35 b) a housing into which the porous substrate can 

be disposed. 
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45. A kit for sequencing a target nucleic acid of 
interest comprising : 

a) a forward sequencing primer capable of 
hybridizing to the target nucleic acid; and 
5 b) a three-dimensional porous substrate having 

immobilized thereon a capture polynucleotide capable of 
hybridizing to a first plurality of sequencing ladder 
polynucleotides. 

10 46. The kit of Claim 45, further including means for 

generating a sequencing ladder of polynucleotides from the 
target nucleic acid. 

47. The kit of Claim 45 further including a reverse 
sequencing primer capable of hybridizing to the target nucleic 
acid and a. second three-dimensional porous substrate having 
immobilized thereon a second capture polynucleotide capable of 
hybridizing to a second plurality of sequencing ladder 
polynucleotides. 

48. The kit of Claim 47, in which the forward and 
reverse sequencing primers have the formula: A-linker-B 
wherein: 

A is a first polynucleotide sequence capable of 
hybridizing to the capture polynucleotide; 

B is a second polynucleotide sequence capable of 
hybridizing to the target nucleic acid; 

"linker" is polyethylene glycol containing from 1 to 10 
ethylene glycol units; and 

each "-" independently represents a phosphodiester , 
phosphorothioate or amide linkage. 

49. The kit of Claim 48 in which the forward and reverse 
sequencing primers are as depicted in Fig. 1. 

35 

50. A kit for capturing a target nucleic acid from a 
sample comprising: 



20 



25 
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a) a three-dimensional porous substrate activated 
with about 6xl0" 17 to 9xl0~ 15 nmol/nm 2 of a reactive group; and 

b) a capture polynucleotide capable of being 
covalently attached to the porous substrate. 

5 

51. The kit of Claim 50 further including a linker 
capable of being covalently attached to the porous substrate 
and the capture polynucleotide. 

10 52. A kit for capturing a target nucleic acid from a 

sample comprising: 

a) a porous substrate capable of being activated 
with about 6xl0~ 17 to 9xl0~ 15 nmol/nm 2 reactive groups; and 

b) means for generating a capture polynucleotide 
15 which is capable of hybridizing to the target nucleic acid and 

which is capable of being covalently attached to the porous 
substrate. 

53 . An apparatus for capturing a target nucleic acid 
20 from a sample comprising a housing having disposed therein a 

flow- through device according to Claim 12. 

54. The flow-through device of Claim 53, in which said 
housing is selected from the group consisting of a syringe 

25 barrel, a pipette, a disposable pipette tip, a chromatography 
column, a spin column a microchannel, a capillary and a 
multi-well plate. 

55. An apparatus for capturing a target nucleic acid 
30 from a sample comprising a housing having disposed therein a 

flow-through device according to Claim 17. 

56. The flow-through device of Claim 55, in which said 
housing is selected from the group consisting of a syringe 

35 barrel, a pipette, a disposable pipette tip, a chromatography 
column, a spin column a microchannel, a capillary and a 
multi-well plate. 
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FORWARD SEQUENCING PRIMER: 

5 • -CACTCACGCAAACGG-linker-TGTAAAACGACGGCCAGT-3 ' 



Capture complement Sequencing primer 

REVERSE SEQUENCING PRIMER: 

5 • - AACTCTCCCAAGAGCAC- linker-CAGGAAACAGCTATGACC- 3 ' 



Capture complement 



Sequencing primer 



linker = — 0-4— 0— (CH 2 CH 2 0) 4 -CH 2 CH 2 0— I— 

O" A" 



FIG. 1 
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